Periodic evolution of H 2 S during aerobic chemostat culture of Saccharomyces cerevisiae resulted in ultradian metabolic oscillation via periodic inhibition of respiratory activity. To understand the nature of periodic H 2 S evolution, we investigated whether oxidative stress is associated with H 2 S production. The cellular oxidative states represented by intracellular level of lipid peroxides oscillated out of phase with the oscillation of dissolved O 2 . Pulse addition of antioxidant, oxidative agent or inhibitor of antioxidation enzymes perturbed metabolic oscillation producing changes in H 2 S evolution. Analysis of H 2 S production profiles during perturbation of oscillation revealed that the amount of H 2 S production is closely linked with cellular oxidative states. Based on these results and our previous reports, we suggest that oxidative stresses result in periodic depletion of glutathione and cysteine, which in turn causes stimulation of the sulfate assimilation pathway and H 2 S production. ß
Introduction
Autonomous ultradian metabolic oscillation (Tw45 min), which is independent of glycolysis, the cell cycle or dark^light transition, occurred during aerobic chemostat culture of Saccharomyces cerevisiae [1^5]. This ultradian oscillation arises from the metabolic sum of individual cells in the population [3] . The cyclic changes of various parameters and metabolites, e.g. dissolved O 2 , NADH £uorescence [4, 5] , CO 2 production rate, and concentration of ethanol [1^3] , reduced form of glutathione (GSH), cysteine [4^6], during metabolic oscillation suggested that this rhythmic oscillation provides an excellent system to investigate dynamic metabolic regulation. Recently, we demonstrated that periodic evolution of H 2 S resulted in population synchrony [7] . H 2 S, the unstable and freely di¡usible population synchronizer, was produced by sul¢te reductase and periodic changes in sulfate uptake rate may contribute to the periodic evolution of H 2 S [6] . Disturbances in the sulfate assimilation and cysteine synthesis pathway perturbed the rhythm of H 2 S production and metabolic oscillation, and cysteine (or GSH) is considered as an essential regulator in sulfate assimilation [8, 12, 21, 24] . Analysis of H 2 S production pro¢les indicated that H 2 S production initiated near the minimum redox state, increased to maximal redox state, and then rapidly decreased while redox state decreased [4^7] . During metabolic oscillation, GSH concentration oscillated about 20 ‡ in advance of dissolved O 2 ; the GSH concentration rapidly decreased from 1.15 mM to 0.5 mM during maximal respiration phase [4, 6] . Considering that GSH has a central role as a major antioxidant [9] , this severe depletion may re£ect increased oxidative stress during active respiration. These ¢ndings insinuated that the cellular levels of GSH and the amount of H 2 S production are closely related to the cel-lular redox state as H 2 S is a strong reducing agent [10] and GSH contributes to redox balance [4] . Furthermore, during the perturbation of metabolic oscillation, respiratory inhibition, which is accompanied by a burst production of H 2 S, was followed by elongation of the active respiration phase [6, 7] .
In this study, we investigated the involvement of oxidative stress on metabolic oscillation as a regulator of H 2 S production. The results presented here indicate that the H 2 S production during metabolic oscillation is closely linked with cellular oxidative state. Therefore, we suggest that oxidative stress acts as a trigger of H 2 S production via GSH (and cysteine) depletion, and that H 2 S could act as a redox regulator when the level of oxidative stress exceeds the antioxidant capacity of the cells.
Materials and methods

Organisms and culture conditions
The polyploid wild-type of S. cerevisiae strain IFO-0233 (IFO, Institute of Fermentation, Osaka, Japan) was grown in chemostat culture with 340 mM ethanol containing medium [6, 7] . Batch and chemostat culture were carried out as previously described [6] . The fermenter (BioFlo, New Brunswick, Canada) was operated at 30 ‡C, an agitation rate of 800 rpm, a working volume of 1.2 l, an air £ow rate of 180 cm 3 min 31 , and a dilution rate of 0.085 h 31 .
Assay of cellular oxidative damage
The level of cellular oxidative damage was evaluated by measuring the concentration of products of lipid peroxidation. The cells were rapidly collected from culture by centrifugation and washed with 20 mM of Tris bu¡er (pH 7.4). Lipid peroxides were extracted from washed cells using an extraction solvent (Cat. No. 705002, Cayman Chemical Co., MI, USA), and determined by LPO assay kit (LPO-5861, Bioxytech, OR, USA) [23] . The blank sample was prepared by adding 75% cetonitrile/25% methanol instead of N-methyl-2-phenylindole, and a standard curve was prepared using a malonaldehyde according to the manufacturer's instruction. The results were expressed as Wmol lipid peroxides (mg protein)
31 . To prevent sample oxidation, all solutions included butylated hydroxytoluene at a ¢nal concentration of 5 mM. Protein concentration was measured by Lowry's method (Sigma diagnostics, MO, USA) using bovine serum albumin as a standard.
H 2 S analysis
The same instrumentation and analytical techniques were used for short-term H 2 S analysis as previously reported [6, 7, 21] . For chemostat culture on-line monitoring of H 2 S, fermentor o¡-gas was analyzed by a H 2 S detector (HS-1050L, Gastec Co., Kanagawa, Japan), which did not cause any changes in the operation parameters of the fermentation. Air was used for calibration of the H 2 S detector. The data was acquired every 40 s and normalized using Microsoft Excel 97.
Pulse injection
N-acetylcysteine, ascorbic acid, H 2 O 2 , sodium N,N-diethyldithiocarbamate trihydrate, and 3-aminotriazole were dissolved individually in 2 ml of de-ionized water. Menadione was dissolved in 1 ml of ethanol solution. All dissolved chemicals were injected into culture through a sterile ¢lter (0.22 Wm). For light-sensitive ascorbic acid, the experiment was performed in a fermentor spray painted matt black. Culture pH remained unchanged after injection and all concentrations are quoted as ¢nal in the culture. All chemicals injected exerted no in£uence on dissolved O 2 in cell-free medium at given concentrations. Injection of chemicals was carried out at least in triplicate.
Results
Oscillation of cellular oxidative damages during ultradian metabolic oscillation
Dissolved O 2 in the culture was used as an indicator of respiratory activity and the amount of cellular lipid peroxides was used as an indicator of oxidative damage during metabolic oscillation. As shown in Fig. 1 , the level of lipid peroxides oscillated out of phase with dissolved O 2 ; its level was minimal at near maximum dissolved O 2 , increased during respiration, and reached a maximal level toward the end of the maximum respiration phase. When cells entered the respiratory inhibition phase (H 2 S evolution phase), the level of lipid peroxides rapidly decreased. This oscillation was inversely related to the oscil- lation of GSH concentration [4, 6] , and suggested that GSH plays important role in the response to oxidative stress, and oxidative damage may have occurred during maximal respiration phase. These results were in accordance with a recent report that oxidative damage occurred by air-level oxygen as well as through the addition of oxidative agent [11] .
Oxidative stress involved in the regulation of H 2 S production and metabolic oscillation
To investigate the involvement of oxidative stress in metabolic oscillation, N-acetylcysteine or ascorbic acid was pulse injected into the culture. GSH and cysteine could not be used in these studies, as they are involved in the regulation of the sulfate assimilation pathway and the regulation of cystathionine Q-lyase or O-acetylhomoserine sulfhydrylase [12, 13, 21, 22] . During stable respiratory oscillation, H 2 S concentration in culture oscillated between 0 and 1.2 þ 0.1 WM. Pulse addition of 100 WM N-acetylcysteine, which scavenges hydrogen peroxide and hydroxy radicals [14] , at minimal dissolved O 2 perturbed respiratory oscillation with decreases in H 2 S production (Fig. 2a) . H 2 S production decreased to 63% in the subsequent cycle and showed correlation with damped dissolved O 2 oscillation. Respiratory oscillation was unstable and disappeared in the following 20 h, and then restarted. Pulse addition of 100 WM of ascorbic acid, a non-toxic free radical scavenger, at minimal dissolved O 2 also perturbed respiratory oscillation (Fig. 2b) ; the maximal concentration of H 2 S in the subsequent cycle was only 0.25 WM.
Pulse addition of 100 WM 3-aminotriazole, an inhibitor of catalase [15] , at minimal dissolved O 2 slightly increased H 2 S production from 1.18 to 1.35 WM in the subsequent cycle (Fig. 3a) . On-line continuous monitoring of H 2 S concentration matched well with the respiration activity. Inhibition of superoxide dismutase by pulse addition of 100 WM of N,N-diethyldithiocarbamate [16] at maximal dissolved O 2 caused further inhibition of respiration with burst production of H 2 S (Fig. 3b) . The in£uences of 3-aminotriazole and N,N-diethyldithiocarbamate on respiratory oscillation and H 2 S production were dose dependent (results not shown). These results suggested that the activity of catalase and superoxide dismutase might be closely linked with H 2 S production and that the increased level of superoxide/peroxide activates H 2 S production. To con¢rm this notion, in£uences of pulse injection of H 2 O 2 and menadione were examined. Pulse injection of 500 WM of H 2 O 2 at minimal dissolved O 2 perturbed respiratory oscillation and increased H 2 S production in the following oscillation cycle (Fig. 4a) . The increases of H 2 S concentration were more evident in on-line monitoring devised with an H 2 S detector. Considering direct removal of H 2 S by reaction with H 2 O 2 (H 2 S+H 2 O 2 C2H 2 O+S 0 ) [17] , the increases of H 2 S concentration are surprising. Addition of 50 WM of menadione, a superoxide generating agent [18] , perturbed metabolic oscillation with increased H 2 S evolution in the subsequent cycle (Fig. 4b) . Respiration activity was decreased following the respiration phase, and H 2 S concentration did not fall below 0.19 WM. After 4 h, respiratory oscillation was damped and biomass concentration was slightly decreased from 6.2 to 5.7 g dry weight.
Respiratory oscillation restarted after 20 h (results not shown). Although we have no clear explanation for the long-lasting e¡ect of these chemicals, the increases of H 2 S production in the following cycle by menadione and H 2 O 2 injection further suggested that the amount of H 2 S production and the perturbation of metabolic oscillation are closely related to cellular oxidative states.
Discussion
The oscillation pro¢les of GSH and in-phase oscillations between H 2 S production and GSH (or NADH) concentrations during metabolic oscillation suggested that regulator(s) for the metabolic oscillation and H 2 S production involved respiration products [4^6]. This study showed that H 2 S production during metabolic oscillation is closely linked to the cellular level of the oxidative state. The lipid peroxides concentration oscillated out of phase with the oscillation of dissolved O 2 (Fig. 1) . Addition of antioxidant, such as N-acetylcysteine or ascorbic acid, decreased H 2 S production in the subsequent cycles, activated respiration, and perturbed respiratory oscillation (Fig. 2) . Increases of oxidative stress by pulse injection of inhibitors of catalase or superoxide dismutase (Fig. 3) , H 2 O 2 or superoxide (Fig. 4) all perturbed respiratory oscillation with increased H 2 S production.
The perturbation pro¢les of ultradian respiratory oscillation were di¡erent for superoxide stress and peroxide stress; superoxide stress (50 WM of menadione or 100 WM of N,N-diethyldithiocarbamate) immediately perturbed respiratory oscillation with prominent increases in H 2 S production, whereas peroxide stress (500 WM of H 2 O 2 or 100 WM of 3-aminotriazole) showed time-delayed perturbation with minor increases in H 2 S production. These results further support previous reports that the peroxide and superoxide stress might be distinct and the respective defense mechanisms might be di¡erent in S. cerevisiae [182 0]. It is interesting that H 2 S production is initiated at the phase of minimal GSH and maximal lipid peroxides concentration ( Fig. 1) [4, 6] . These results suggested that oxidative stress results in periodic depletion of GSH and cysteine, which in turn causes stimulation of the sulfate assimilation pathway and H 2 S production [6, 8, 21] . Considering the fast reactivity between H 2 O 2 and H 2 S [17] and strong reducing activity of H 2 S [10] , overproduced H 2 S could rapidly alleviate cellular oxidative damage, could reduce the cellular redox-state and act as a protector of oxidative stress when GSH (or cysteine) is depleted. To date, H 2 S, which is produced in chemostat culture, has not been considered as a biological redox regulator due to its uncontrolled, non-speci¢c reducing activity. However, H 2 S possesses several advantages as a biological redox regulator ; (1) sequestration of H 2 O 2 as well as reduction of radical production, (2) pulse e¡ect due to its free dispersion, (3) replenishment of GSH via cysteine synthesis, and (4) strong reducing potential. Further research into the regulation of GSH homeostasis and the co-ordinate control of other defense systems against oxidative stress may allow deeper understanding of this dynamic respiratory regulation.
